INTRODUCTION
============

The development of dynamic nanoscale DNA architectures currently represents a focal point in DNA nanotechnology ([@gkt121-B1; @gkt121-B2; @gkt121-B3; @gkt121-B4; @gkt121-B5; @gkt121-B6; @gkt121-B7; @gkt121-B8]) \[for reviews see ([@gkt121-B9; @gkt121-B10; @gkt121-B11; @gkt121-B12])\]. In this context, 'dynamic' denotes the well-directed reorganization of a defined DNA architecture in which both the geometry and the intrinsic structure-determined functions are altered. In most cases, this structural reorganization is achieved by a strand-exchange approach by means of toehold-expanded DNA sequences ([@gkt121-B13; @gkt121-B14; @gkt121-B15; @gkt121-B16; @gkt121-B17; @gkt121-B18]). The toehold itself not only serves as a recognition sequence, but also advances the structural transformation under thermodynamic control by pairing with a fully complementary counter strand. Toehold-driven systems can usually be operated in a reversible fashion, but they underlie certain experimental restrictions, such as the gradual dilution of the sample. Recent developments in toehold-mediated strand displacement like the remote toehold approach ([@gkt121-B19]) or the associative toehold activation ([@gkt121-B20]) direct towards improved control of the displacement kinetics.

In principle, repetitive switching by light-triggered structural interconversions based on azobenzene-modified DNA sequences can circumvent these restrictions. Hitherto existing applications have shown that architecturally simpler DNA nanostructures like molecular tweezers ([@gkt121-B21]) and beacons ([@gkt121-B22]), DNAzymes ([@gkt121-B23],[@gkt121-B24]) or DNA tetrahedrons ([@gkt121-B25]) are suited for light-induced switching, but this has not yet been implemented for the switching of more complex origami-based DNA structures. By using a double-stranded DNA (dsDNA) rotaxane architecture ([@gkt121-B26]) that we reversibly switched between a mobile and stalled macrocycle, we have recently shown that light-induced switching operations based on dimethylazobenzene (DMAB)-functionalized DNA sequences result in a more robust switching behavior than oligodeoxynucleotides (ODNs) functionalized with unmodified azobenzene ([@gkt121-B27]), and thus may find broader applications in DNA nanotechnology. Despite the advantage of light-triggered switching with DMAB-ODNs, their application is restricted to an individual switching function. In cases in which different switches are to be operated in an independent, orthogonal fashion within a DNA nanoarchitecture, the DMAB-based light-trigger comes to its limits. Even though achievements towards this goal have been reported ([@gkt121-B28]), there are currently no systems that can be operated at different wavelengths completely orthogonally.

Moreover, the demand for novel tools for the reversible switching of DNA nanoarchitectures is also illustrated by a recent report that the wedge-face porosity in a DNA tetrahedron could be directed through a toehold-free exchange mechanism ([@gkt121-B29]). To augment the spectrum of reversible switching mechanisms for DNA nanotechnology even further, our aim is to find novel principles of switching devices that can be used orthogonally to the currently available methods. Here we report such a novel principle, based on DNA double-strand invasion that relies on the precisely tuned interaction of pseudo-complementary (pc) nucleobases. The design strategy of this novel switching mechanism was programmed into a DNA rotaxane in which a threaded DNA macrocycle can be switched back and forth between mobile and immobile states, and that serves as our test system for dynamic DNA nanotechnology ([Figure 1](#gkt121-F1){ref-type="fig"}a). Figure 1.Design of pseudo-complementary PNA actuators for reversible switching of DNA nanoarchitectures. (**a**) pcPNA-controlled reversible nanomechanical switch. Addition of the DNA 'release oligo' (black) detaches the macrocycle (blue) from the dumbbell (red) forming the genuine rotaxane (mobile). Subsequently, added pcPNA (green) invades the macrocycle and the gap ring (blue) binds back to the dumbbell to form the original pseudorotaxane (stalled). (**b**) Base pairing motif of pc nucleobases. 2-Thiouracil (S) and adenine (A) form a stable S·A base pair. 2,6-diaminopurine (D) pairs with thymine (T) by forming three hydrogen bonds. Due to a steric clash between the sulphur atom of S and the additional amino group of D, the corresponding S·D base pair is not stable. Therefore, self-pairing of nucleic acid sequences containing pc nucleobases is strongly suppressed compared with cross-pairing with unmodified ODNs. (**c**) Chemical structure of the anti-parallel arranged PNA·DNA hybrid. In each switching cycle, the thermodynamically most stable pcPNA·DNA hybrid is formed.

The concept of pc nucleobases goes back to Gamper and colleagues ([@gkt121-B30]) and has meanwhile found application even in polymerase chain reaction ([@gkt121-B31]). Thereby, on one hand, a thymine (T) is substituted for a 2-thiouridine (S), whereas on the other hand, an adenine (A) is changed for a 2,6-diaminopurine (D) residue ([Figure 1](#gkt121-F1){ref-type="fig"}b). Due to an unfavourable steric interaction between the additional amino group in the 2,6-diaminopurine and the sulphur atom in the 2-thiouridine residue, the base pairing between the two pc nucleobases S and D is prevented. The cross-pairing S·A is still possible, whereas the pairing D·T is even stronger than in the unmodified A·T pair, owing to the third hydrogen bond ([Figure 1](#gkt121-F1){ref-type="fig"}b). This pairing behaviour of pcDNA sequences results in the invasion at the end of a natural DNA double strand and in the branching of the DNA structure ([@gkt121-B30]). Nielsen subsequently incorporated the pc nucleobases into peptide nucleic acids ([@gkt121-B32],[@gkt121-B33]) \[PNA; for reviews see ([@gkt121-B34; @gkt121-B35; @gkt121-B36; @gkt121-B37])\] and showed that pseudo-complementary PNA (pcPNA) binds with high sequence specificity to dsDNA through double-duplex invasion ([@gkt121-B38],[@gkt121-B39]). This observation correlates with the fact that hybrid double strands of PNA·DNA are thermodynamically more stable than the corresponding DNA·DNA double strands ([@gkt121-B30],[@gkt121-B38],[@gkt121-B40]).

In our rotaxane model system, however, the pcPNA is not used for addressing dsDNA through the principle of double-duplex invasion. Instead, it is used as an actuator that binds to a 14-mer DNA sequence, termed 'release ODN' (RO). The RO is complementary to the short single-stranded gap in the macrocycle, to which it hybridizes and thereby releases it from its complementary hybridization site at the axle of the dumbbell. Binding of the pcPNA to the RO in turn removes the RO from the macrocycle, which now can hybridize back to the axle, and the architecture reorganizes into the stalled pseudorotaxane state. This switching cycle between a stalled and mobile macrocycle is fuelled by the formation of the thermodynamically more stable pcPNA·DNA hybrid duplex ([Figure 1](#gkt121-F1){ref-type="fig"}c). In this way it is possible to switch back and forth between the fixed and mobile macrocycle in the rotaxane architecture. This mode of switching is unprecedented in DNA nanotechnology. Because it differs mechanistically both from the toehold as well as from the light-induced azobenzene switch, it can potentially be combined orthogonally with these switching approaches.

MATERIALS AND METHODS
=====================

General
-------

Standard DNA sequences used to assemble the rotaxane were ordered as 5′-phosphorylated ODNs in high-performance liquid chromatography (HPLC) quality from Metabion (see [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt121/-/DC1) for the sequences). 1× TAE buffer: 40 mM Tris, 20 mM AcOH, 1 mM EDTA. 1× Seeman buffer: 40 mM Tris, 20 mM AcOH, 12.5 mM MgCl~2~, 2.5 mM EDTA. 1× DNA storage buffer: 10 mM Tris·HCl, 50 mM NaCl, pH 7.5. Gel loading buffer: 0.01% bromophenol blue and 0.01% xylene cyanol in glycerol/H~2~O 1:1. Gels were stained with ethidium bromide and visualized by ultraviolet irradiation.

Polyacrylamide gel electrophoresis
----------------------------------

Equipment: Mini-Protean III (Bio-Rad). Preparation of 10% gels: a 30% aq. acrylamide/bisacrylamide (37.5:1) soln. (4.0 ml, Carl Roth GmbH) was diluted with 10× TAE (1.2 ml) and H~2~O (6.8 ml), treated with a 10% aq ammonium persulfate soln. (50 µl) and *N*,*N*,*N*′,*N*′-tetramethylethylenediamine (10 µl) and then polymerized for 1 h. Sample preparation: 2 µl sample was mixed with 1 µl gel loading buffer. The gel was run at 150 V for 1 h at room temperature (RT).

Agarose gel electrophoresis
---------------------------

Equipment: Owl B1 EasyCast Mini Gel System (Owl Separation Systems). Preparation of 2.4% gels: high-resolution agarose (900 mg, Carl Roth GmbH) was suspended in 0.5× TAE (37.5 ml), melted and then poured in the horizontal chamber. Sample preparation: 5 µl sample was mixed with 1 µl gel loading buffer at 4°C. Gels were run at 150 V for 2 h at 4°C.

HPLC purification of DNA architectures
--------------------------------------

Weak anion-exchange (WAX)-HPLC: column TSKgel DEAE-NPR (4.6 × 35 mm, Tosoh); buffer WAX-A: 20 mM Tris·HCl, pH 9.0; buffer WAX-B: 20 mM Tris·HCl, 1.0 M NaCl, pH 9.0; gradient 40--65% WAX-B in 30 min. After purification, the fractions were concentrated using Ultracel centrifugal filters (YM-30, YM-100, Millipore), washed 2× with DNA storage buffer and stored in 100 µl DNA storage buffer.

Synthesis of monomers
---------------------

### Ethyl-N-(2-(t-butyloxycarbonylamino)ethyl)-N-(2-amino-6-chloropurin-9-ylacetyl)glycinate ([@gkt121-B6])

A solution of **5** (1.77 g, 7.8 mmol) and EtN*^i^*Pr~2~ (1.21 g, 9.4 mmol) in DMF (15 ml) was treated with *O*-(benzotriazol-1-yl)-*N,N,N′,N′*-tetramethyluronium hexafluorophosphate (3.25 g, 8.5 mmol) for 5 min at RT. Then a solution of ethyl *N*-(*t*-butyloxycarbonyl \[Boc\]-aminoethyl) glycinate (2.11 g, 8.5 mmol) in DMF (5 ml) was added and the mixture stirred at RT for 3 h. The mixture was partitioned between CH~2~Cl~2~ and sat. aq. NaHCO~3~ soln., the organic layer washed with 10% aq. citric acid soln., dried with MgSO~4~ and evaporated under reduced pressure. The crude was adsorbed on SiO~2~ (14 g). Column chromatography (CC) \[silica gel (30 g), hexane/AcOEt 1:1 → AcOEt → AcOEt/MeOH 98:2\] gave **6** (3.45 g, 97%) as yellow foam. ^1^H-NMR (400 MHz, DMSO-d6) δ 7.96 and 7.95 \[s, major and minor rotamer (maj/min), respectively, 1H, H-C([@gkt121-B8])\], 7.00 and 6.74 \[t, J = 7.0 Hz, (maj/min), 1H, NH\], 6.88 and 6.64 \[br. s, (maj/min), 2H, NH~2~\], 5.14 and 5.11 and 4.79 and 4.59 \[s (four rotamers) 2H, CH~2~N([@gkt121-B9])\], 4.41 and 4.06 \[s (maj/min), 2H, CH~2~COOEt\], 4.20 and 4.07 \[q, J = 7.1 Hz, (min/maj), 2H, OCH~2~CH~3~\], 3.50 and 3.34 and 3.25 and 3.01 \[2m, (maj/min), minor peak overlaps with HDO signal, 4H, NCH~2~CH~2~N\], 1.37 and 1.35 \[s (maj/min), 9H, C(CH~3~)~3~\], 1.25 and 1.16 \[q, J = 7.1 Hz, (min/maj), 3H, OCH~2~CH~3~\]. ^13^C-NMR (101 MHz, DMSO-d6) δ 169.43 and 168.93 (min/maj), 167.09 and 166.74 (min/maj), 159.82 and 159.80 (min/maj), 155.79 and 155.58 (maj/min), 154.53, 149.29 and 149.26 (min/maj), 143.96 and 143.86 (min/maj), 128.33 and 128.31 (maj/min), 78.17 and 77.82 (maj/min), 61.30 and 60.61 (min/maj), 49.17 and 47.95 (min/maj), 47.02 and 46.95 (maj/min), 43.92 and 43.56 (min/maj), 38.38 and 37.68 (maj/min), 28.22 and 28.19 (min/maj), 14.06 and 14.04 (min/maj). Electrospray ionization mass spectrometry (ESI-MS) (pos.) 456.3 (\[M+H\]^+^, C~18~H~27~ClN~7~O~5~^+^; calc. 456.2).

### Ethyl-N-(2-(t-butyloxycarbonylamino)ethyl)-N- (2,6-diaminopurin-9-ylacetyl)glycinate ([@gkt121-B7])

A solution of **6** (4.60 g, 10.0 mmol) in DMSO was treated with NaN~3~ (1.31 g, 20 mmol) at 90°C for 2 h. The mixture was cooled to 65°C and reacted with PPh~3~ (6.61 g, 25 mmol) for 3 h. The solution was diluted with CH~2~Cl~2~ (100 ml), washed with sat. aq. NaHCO~3~ soln., dried with MgSO~4~ and evaporated to dryness. The crude was dissolved in MeOH/THF/1.0 M aq. triethylammonium acetate (TEAA) soln. (5:5:2, 60 ml) and stirred at 65°C overnight, concentrated to 15 ml. The remaining mixture was separated between CH~2~Cl~2~ (200 ml) and sat. aq. NaCl soln. (200 ml), the organic layer dried with MgSO~4~, and the solvent evaporated under reduced pressure. The crude was adsorbed on SiO~2~ (7 g). CC \[silica gel (35 g), CH~2~Cl~2~→MeOH/CH~2~Cl~2~ 88:12\] gave **7** (2.79 g, 63%) as white powder. ^1^H-NMR (300 MHz, DMSO-d6) δ 7.54 and 7.53 \[s, major and minor rotamer (maj/min), respectively, 1H, H-C([@gkt121-B8])\], 7.00 and 6.75 \[t, J = 7.0 Hz, (maj/min), 1H, NH\], 6.65 (s, 2H, NH~2~), 5.73 (s, 2H, NH~2~), 4.97 and 4.80 \[s (maj/min), 2H, CH~2~N([@gkt121-B9])\], 4.39 and 4.05 \[s (maj/min), 2H, CH~2~COOEt\], 4.18 and 4.06 \[q, J = 7.1 Hz, (min/maj), 2H, OCH~2~CH~3~\], 3.50 and 3.30 \[m, (maj/min), minor peak overlaps with HDO signal, 2H, NCH~2~\], 3.23 and 3.03 \[m, (maj/min), 2H, NCH~2~\], 1.37 and 1.36 \[s (maj/min), 9H, C(CH~3~)~3~\], 1.25 and 1.19 \[q, J = 7.1 Hz, (min/maj), 3H, OCH~2~CH~3~\]. ^13^C-NMR (75 MHz, DMSO-d6) δ 169.90 and 169.47 (min/maj), 168.02 and 167.68 (min/maj), 160.63 and 160.61 (maj/min), 156.45, 156.18 and 155.99 (maj/min), 152.54 and 152.52 (maj/min), 138.57 and 138.52 (min/maj), 113.02 and 113.00 (maj/min), 78.53 and 78.19 (maj/min), 61.64 and 60.96 (min/maj), 55.32, 49.63, 48.22, 47.42, 43.63 and 43.21 (min/maj), 28.63 and 28.59 (maj/min), 14.44. ESI-MS (pos.) 437.3 (\[M+H\]^+^, C~18~H~29~N~8~O~5~^+^; calc. 437.2).

### N-(2-(t-Butyloxycarbonylamino)ethyl)-N-(2-amino-6-(benzyloxycarbonylamino)purin-9-ylacetyl)glycine ([@gkt121-B2])

**7** (2.79 g, 6.4 mmol) was dissolved in CH~2~Cl~2~/dioxane (1:2) at elevated temperature, cooled to RT and treated with EtN*^i^*Pr~2~ (0.91 g, 7.0 mmol) and *N*-benzyloxycarbonyl (Z)-*N*′-methylimidazolium triflate (4.68 g, 6.8 mmol, Rapoport reagent) overnight. The reaction was quenched by addition of MeOH (5 ml), and the solvents were removed by evaporation. The crude was adsorbed on SiO~2~ (6 g). CC \[silica gel (40 g), CH~2~Cl~2~→MeOH/CH~2~Cl~2~ 94:6\] gave ethyl-*N*-(2-(Boc-amino)ethyl)-*N*-(2-amino-6-(benzyloxycarbonylamino)purin-9-ylacetyl)glycinate (3.30 g, 90%). This intermediate (3.2 g, 5.6 mmol) was dissolved in THF/H~2~O 2:1 (75 ml), treated with 2.0 M aq. NaOH soln. (4.2 ml) and stirred for 30 min. THF was removed under reduced pressure, the aq. layer cooled to 0°C and adjusted to pH 4 using 1.0 M HCl. The precipitate was filtered, washed with water and dried in vacuo to give **2** (2.12 g, 70%) as white solid. ^1^H-NMR (400 MHz, DMSO-d6) δ 12.74 (br. s, 1H, COOH), 10.16 (br. s, 1H, arom. C([@gkt121-B1])NH), 7.81 (s, 1H, H-C([@gkt121-B8])), 7.45 - 7.36 (m, 5H, arom. H), 7.01 and 6.76 (t, J = 7.0, NH), 6.38 (br. s, 2H, C([@gkt121-B3])NH~2~), 5.17 (s, 2H, CH~2~Bn), 5.06 and 4.89 \[s (maj/min), 2H, CH~2~N([@gkt121-B9])\], 4.30 and 3.99 \[s (min/maj), 2H, CH~2~COOEt\], 3.49 and 3.31 \[m (maj/min), minor peak overlaps with HDO signal, 2H, NCH~2~\], 3.26 and 3.04 \[s (min/maj), 2H, NCH~2~\], 1.36 and 1.35 \[s (maj/min), 9H, C(CH~3~)~3~\]. ^13^C-NMR (101 MHz, DMSO-d6) δ 170.91 and 170.48 (min/maj), 167.25 and 166.81 (min/maj), 159.72, 155.80 and 155.61 (maj/min), 154.45, 152.43, 149.78 and 149.74 (maj/min), 141.33 and 141.21 (min/maj), 136.59, 128.34, 127.90, 127.82, 116.74 and 116.71 (maj/min), 78.14 and 77.81 (maj/min), 66.00, 49.20, 47.68, 47.00 and 46.89 (min/maj), 43.43 and 43.14 (maj/min), 38.29 and 37.61 (maj/min), 28.24 and 28.21 (maj/min). ESI-MS (pos.) 543.4 (\[M+H\]^+^, C~24~H~31~N~8~O~7~^+^; calc. 543.2).

### S-(4-(Acetoxybenzyl)-2-thiothymine ([@gkt121-B9])

2-Thiothymine (3.5 g, 24.6 mmol), 4-(chloromethyl)phenyl acetate (5.0 g, 27 mmol) and potassium carbonate (5.1 g, 36.8 mmol) were suspended in acetone (50 ml) and refluxed for 3 h. The acetone was removed, the crude partitioned between CH~2~Cl~2~ and 10% aq. citric acid soln., the organic layer dried with MgSO~4~ and evaporated under reduced pressure. Recrystallization from CH~2~Cl~2~/CCl~4~ (1:2, 80 ml) gave **9** as white crystals (4.03 g, 57%). ^1^H-NMR (300 MHz, DMSO-d6) δ 12.66 (s, 1H, NH), 12.66 (s, 1H, NH), 7.77 (s, 1H, H-C([@gkt121-B6])), 7.42 (m, 2H, arom. H), 7.05 (m, 2H, arom. H), 4.37 (s, 2H, CH~2~), 2.24 (s, 3H, OCH~3~), 1.86 (s, 3H, C([@gkt121-B5])-CH~3~). ^13^C-NMR (75 MHz, DMSO-d6) δ 169.16, 149.61, 134.89, 130.03, 121.81, 32.82, 20.83, 12.50. ESI-MS (pos.) 291.1 (\[M+H\]^+^, C~14~H~15~N~2~O~3~S^+^; calc. 291.1).

### 2-Thiothymidine ([@gkt121-B10])

**9** (3.2 g, 11.0 mM) and bis(trimethylsilyl) acetamide (2.97 g, 14.6 mmol) were suspended in CH~2~Cl~2~ (50 ml) and stirred until the solution turned clear. 1-Chloro-2-deoxy-3,5-di-*O*-toluoyl-α-D-ribofuranose (2.84 g, 7.3 mmol) was added, and after cooling to 4°C, the mixture was treated with SnCl~4~ (1.28 ml, 11.0 mmol) for 1 h at 4°C. After quenching the reaction by the addition of sat. aq. NaHCO~3~ soln. (100 ml), the organic layer was diluted with CH~2~Cl~2~ (100 ml), separated and dried with MgSO~4~ and evaporated under reduced pressure. The crude was dissolved in MeOH/THF 1:1 (200 ml). After addition of 1.0 M aq. NaOH soln. (40 ml), the mixture was stirred for 30 min at RT and then neutralized by adding aq. citric acid soln. (4.0 g in 20 ml H~2~O). All solvents were removed under reduced pressure. The remaining solid was dissolved in MeOH, dried with MgSO~4~ and adsorbed on SiO~2~ (10 g). CC (silica gel (50 g), hexane/AcOEt 1:1 → AcOEt) gave a mixture of **10** and the α-*S*-nucleoside (1.35 g). The mixture was further purified by recrystallization from EtOH/(CH~2~Cl)~2~ (1:1, 80 ml) to give **10** (750 mg, 40%) as fine crystals. ^1^H-NMR (400 MHz, DMSO-d6) δ 12.55 (s, 1H, NH), 8.00 (s, 1H, H-C([@gkt121-B6])), 6.83 (t, J = 6.4 Hz, 1H, H-C(1′)), 5.26 (d, J = 4.2 Hz, 1H, C(3′)OH), 5.17 (t, J = 5.0 Hz, 1H, C(5′)OH), 4.25 (m, 1H, H-C(3′)), 3.86 (m, 1H, H-C(4′)), 3.63 (qdd, J = 12.0, 4.9, 3.4 Hz, 2H, H-C(2′)), 2.24 (ddd, J = 13.3, 6.1, 3.6 Hz, 1H, H-C(5′)), 2.02 (ddd, J = 13.3, 7.1, 6.2 Hz, 1H, H′-C(5′)), 1.81 (s, 3H, CH~3~). ^13^C-NMR (75 MHz, DMSO-d6) δ 174.21, 160.63, 136.72, 115.19, 89.14, 87.95, 69.84, 60.77, 40.05 (overlaps with DMSO signal), 12.60. ESI-MS (pos.) 259.0 (\[M+H\]^+^, C~10~H~15~N~2~O~4~S^+^; calc. 259.1).

### 1-\[2′-Deoxy-5′-O-(4,4′-dimethoxytrityl)- β-D-ribofuranosyl\]-2-thiothymine 3′- (2-cyanoethyl diisopropylphosphoramidite) ([@gkt121-B3])

A solution of 2-thiothymidine (647 mg, 2.5 mmol), 4-(dimethylamino)pyridine (61 mg, 0.5 mmol) and 4,4′-dimethoxytrityl chloride (1020 mg, 3.0 mmol) in pyridine (10 ml) was stirred 18 h at RT. After quenching with MeOH (500 µl), the pyridine was removed by co-evaporation with toluene (3×). The residual oil was dissolved in CH~2~Cl~2~ and then adsorbed on SiO~2~ (2 g). CC \[silica gel (15 g), hexane/AcOEt 1:1 (+2% Et~3~N) → AcOEt (+2% Et~3~N)\] gave 1-\[2′-deoxy-5′-*O*-(4,4′-dimethoxytrityl)-β-D-ribofuranosyl\]-2-thiothymine (1.21 g, 86%). The intermediate (1.12 g, 2.0 mmol) was dissolved in CH~2~Cl~2~ (20 ml) and treated with EtN*^i^*Pr~2~ (860 µl, 5.0 mmol) and 2-cyanoethyl di-isopropylphosphoramidochloridite (570 mg, 2.4 mmol). After stirring for 18 h at RT, the solution was directly subjected to CC \[silica gel (20 g), hexane/AcOEt 7:3 (+ 2% Et~3~N) → hexane/AcOEt 1:9 (+ 2% Et~3~N)\], which gave **3** (1.27 g, 84%) as white foam. ^1^H-NMR (400 MHz, CDCl~3~) δ 9.34 (br. s, 1H), 7.85 and 7.81 (2s, 1H, NH), 7.34 - 7.31 (m, 2H, H-C([@gkt121-B6])), 7.26 - 7.18 (m, 7H), 6.89 - 6.83 (m, 1H, H-C(1′)), 6.79 - 6.74 (m, 4H), 4.64 - 4.56 (m, 1H, H-C(3′)), 4.14 - 4.10 (m, 1H, H-C(4′)), 3.79 - 3.67 (m, 1H), 3.73 and 3.72 (2s, 6H), 3.58 - 3.47 (m, 3H), 3.31 - 3.25 (m, 1H), 2.71 - 2.58 (m, 1H), 2.56 (t, J = 6.2 Hz, 1H), 2.35 (t, J = 6.4 Hz, 1H), 2.25 - 2.20 (m, 1H), 1.36 and 1.34 (2s, 3H, C([@gkt121-B5])CH~3~), 1.10 and 1.09 and 0.98 (3d, J = 6.8 Hz, 12H). ^13^C-NMR (101 MHz, CDCl~3~) δ 174.11, 174.03, 160.52, 160.49, 158.75, 158.73, 158.72, 144.12, 136.43, 135.20, 135.19, 135.17, 130.15, 130.14, 130.07, 128.21, 128.12, 127.97, 127.93, 127.21, 117.51, 117.33, 116.55, 116.50, 113.26, 113.24, 113.22, 89.82, 86.96, 86.94, 85.99, 85.94, 85.79, 85.73, 73.01, 72.84, 72.63, 72.46, 62.63, 62.35, 58.39, 58.23, 58.21, 58.04, 55.26, 55.23, 43.37, 43.27, 43.24, 43.15, 40.17, 40.14, 40.04, 40.00, 24.62, 24.58, 24.55, 24.50, 24.47, 24.46, 20.46, 20.39, 20.21, 20.14, 11.95, 11.93. ^31^P-NMR (162 MHz, CDCl~3~) δ 149.99, 149.20. ESI-MS (pos.) 761.5 (\[M+H\]^+^, C~40~H~50~N~4~O~7~PS^+^; calc. 761.3).

Synthesis of psiPNA by solid-phase peptide synthesis
----------------------------------------------------

psiPNA was assembled on a PS3 peptide synthesizer (Peptide Instruments) using Boc-solid-phase peptide synthesis analogous protocols ([@gkt121-B37]). PNA monomers (ASM research chemicals): Boc-C(Z)-OH, Boc-G(Z)-OH, Boc-T-OH; lysine monomer: Boc-Lys(2ClZ)-OH (Novabiochem). Synthesis scale: 10 µmol; resin: 4-methylbenzhydrylamine (resin) (10 mg, 1.1 mmol NH~2~/g, pre-swelling in DMF for 1 h); monomer soln.: monomer (75 µmol) and diethyl cyclohexylamine (200 µmol) in 1.0 ml pyridine; activator soln. (per coupling): *O*-(benzotriazol-1-yl)-*N,N,N′,N′*-tetramethyluronium hexafluorophosphate (69 µmol) in DMF (3.0 ml); Boc deprotection soln.: trifluoroacetic acid (TFA)/CH~2~Cl~2~ 1:1. Coupling cycle: mix monomer soln. with activator soln. for 1 min. before loading on resin; couple for 30 min; washing step (first DMF then CH~2~Cl~2~); Boc deprotection (2 × 12 min, 2 × 5 ml); washing step (first CH~2~Cl~2~ then DMF). Cycles were run without capping step. Final deprotection and cleavage from resin: soln. A: TFA/dimethyl sulfide/*m*-cresol (2:6:2, v/v/v); soln. B: TFA/trifluoromethanesulfonic acid (9:1, v/v); wash resin with TFA (200 µl); treat resin with a mixture A/B 1:1 (800 µl) for 1 h at RT; filter resin; rinse with TFA (100 µl); add soln. B (600 µl) to resin and shake for 1.0 h at RT; separate resin from solution by filtration through glass wool and transfer the liquid in fresh vial; precipitate PNA by adding Et~2~O (3.0 ml); centrifuge and wash pellet 2× with Et~2~O; dissolve pellet in 0.1% aq. TFA soln. (1.0 ml). psiPNA was purified by HPLC; column RP-C18 (Zorbax SB-Aq, 4.6 × 150 mm); buffer A: 0.1% TFA in H~2~O; buffer B: CH~3~CN; gradient: 0--30% B in 20 min. The purified psiPNA was stored in 0.1% aq. TFA soln. (500 µl, buffer A). ESI-MS (m/z, pos.) 4091.8 (\[M+H\]^+^, calc. 4091.2).

Synthesis of pcDNA sequences SD5-DNA and pc-anti-RO
---------------------------------------------------

The DNA oligomers were synthesized on an Applied BioSystems 3400 DNA synthesizer using the phosphoramidite monomers Bz-dA-CE-phosphoramidite, Ac-dC-CE-phosphoramidite, dmf-dG-CE-phosphoramidite, dT-CE-phosphoramidite (all from SACF Proligo Reagents), D: 2-amino-dA-CE phosphoramidite (4, Link Technologies) S: 2-thio-dT-CE-phosphoramidite ([@gkt121-B3]), 5′-phosphitylating reagent (Link Technologies) and dG-CPG support at 0.2 μmol scale. The sequences were prepared according to standard synthetic procedures ('trityl-off' mode), using *t*-BuOOH (1.0 M) in nonane/(CH~2~Cl)~2~ (1:4) as oxidant. 2-Thiothymidine phosphoramidite **3** was used as a 0.1 M soln. in CH~3~CN. Coupling time: 30 s. Oxidation time: 60 s. Detritylation time: 60 s. After completion of the synthesis, the product was treated with 10 M MeNH~2~ in H~2~O/EtOH (1:1, 1 ml) for 24 h at RT. After evaporating the solvent, the raw product was dissolved in 100 mM aq. TEAA buffer and purified by reverse phase high-performance liquid chromatography (RP-HPLC); buffer A: 100 mM TEAA in H~2~O; buffer B: CH~3~CN; gradient: 5--17% B in 20 min. The purified DNA sequences were concentrated to dryness and then re-dissolved in 500 µl H~2~O. LC-MS (m/z, neg.): SD5-DNA 6258.3 (\[M-H\]^−^, calc. 6254.9); pc-anti-RO 4314.3 (\[M-H\]^−^, calc. 4314.0).

Assembly of pcRod
-----------------

EFCT-1, EFCT-2, rodA-DNA, rodC-DNA and SD5-DNA (1000 pmol each) in 1× ligation buffer (200 µl) were incubated with ligase (40 U, Rapid DNA Ligation Kit, Roche) at RT for 24 h. The assembly was monitored by 10% polyacrylamide gel electrophoresis (PAGE) ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt121/-/DC1)). The raw product was purified by WAX-HPLC, concentrated in Ultracel centrifugal filters (YM-10, Millipore) and stored in 1× Seeman buffer.

Assembly of the rotaxane
------------------------

The assembly of PGR gap-ring and spherical stoppers were performed as described previously ([@gkt121-B41]) (for secondary structure see [Supplementary Figures S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt121/-/DC1) and [S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt121/-/DC1)). pcRod (15.8 pmol) and PGR (31.6 pmol) were incubated in 1× ligase buffer (50 µl) at 15°C overnight. Pre-cooled spherical stoppers (39.5 pmol) in 1× ligase buffer (50 µl) were added, and the sample incubated with T4 DNA ligase (10 U, Fermentas) for 6 h at 15°C (final volume 100 µl). The assembly was monitored by agarose gel (see previously). The pseudorotaxane was purified by WAX-HPLC.

Invasion of psiPNA and pc-anti-RO to the PGR macrocycle
-------------------------------------------------------

The gap-ring PGR (25 pmol) and PGR-RO (25.0 pmol) were incubated in 10 mM Tris·HCl (pH 8.0) and 30 mM NaCl (100 µl) at 20°C for 30 min. The sample was split in seven aliquots containing 3.5 pmol macrocycle each (14.0 µl). One aliquot was kept as reference; three were treated with 1.0, 2.0 and 4.0 equivalents of psiPNA, and three with 1.0, 2.0 and 4.0 equivalents of pc-anti-RO, respectively. All samples were diluted with 10 mM Tris·HCl (pH 8.0) to 28 µl and then incubated at 20°C. For analysis, 4.0 µl aliquots of the samples were separated on 10% PAGE (see previously) after different incubation conditions: 2 h at 20°C; 4 h at 20°C; 24 h at 20°C; 2 h at 40°C; then 2 min at 60°C.

Switching macrocycle mobility in the rotaxane
---------------------------------------------

All steps were performed at RT in 1× DNA storage buffer. The WAX-purified pseudorotaxane (2.0 pmol) in buffer (30 µl) was treated with PGR-RO (1.0 µl, 4.0 pmol) for 30 min; 10.3 µl of the sample was removed and stored at 4°C (lane 3 and [Figure 6](#gkt121-F6){ref-type="fig"}c). The remaining soln. (20.6 µl) was incubated with psiPNA (1.35 µl, 10.5 pmol) overnight; 11.0 µl of the sample was removed and stored at 4°C (lane 4). To the remaining solution, PGR-RO (1.6 µl, 6.4 pmol) was added and incubated for another 30 min (lane 5). For analysis of the switching behaviour, the DNA architectures \[0.3 pmol of the three samples, the pseudorotaxane (lane 2) and the dumbbell (lane 1)\] were separated on 2.4% agarose gel plate at 4°C (see previously).

Atomic force microscopy
-----------------------

Nanowizard 3, JPK Instruments; measuring mode: HyperDrive in liquid; tip: PPP-NCHAuD (Nanosensors); substrate: mica with polyornithine as adhesive.

RESULTS AND DISCUSSION
======================

Design of the switch system
---------------------------

The underlying principle of the pcPNA switching system consists of the pc nucleobases S and D. [Figure 2](#gkt121-F2){ref-type="fig"}a depicts the secondary structures that are relevant for the switching of the DNA rotaxane architecture. The left panel illustrates the pseudorotaxane state. The macrocycle (blue) is retained on the axle (red) by base pairing. Note that we are using the term pseudorotaxane because the stationary macrocycle interacts with the axle by base pairing, whereas in the mobile state, these attractive forces between axle and macrocycle are abolished. This nomenclature is in accordance with IUPAC recommendation ([@gkt121-B42]). Figure 2.(**a**) Design, mechanism and secondary structure of a nanomechanical switch. In the stalled state, the macrocycle (blue) hybridizes to the axle (red) containing pc nucleobases in the single-stranded region. Addition of PGR-RO (black) displaces the axle from the macrocycle, inducing the mobile state. When psiPNA (green) is added, PGR-RO is detached from the macrocycle in an isothermal invasion process. The gap ring flips back to the axle and the psiPNA·PGR-RO hybrid duplex forms as waste. psiPNA (green) does not bind to the axle (red) because both strands contain pc nucleobases. (**b**) PNA and DNA sequences involved in the switching process. S: 2-Thiouracil for PNA; 2-thiothymine for DNA. D: 2,6-Diaminopurine. (**c**) Chemical structures of PNA and DNA monomers required for the synthesis of pc sequences.

The right panel shows the genuine rotaxane state with a mobile macrocycle that is detached because the 14-mer DNA sequence PGR-RO (black) binds to the single-stranded gap in the macrocycle. The importance of the pc nucleobases becomes evident in the second switching event in which the macrocycle is to be fixed again to the axle. To achieve this, the 14-mer PGR-RO needs to be removed from the macrocycle. A natural complementary DNA sequence would preferentially bind to its complementary single-stranded gap region in the axle rather than detaching the PGR-RO from the DNA macrocycle. Therefore, the unmodified DNA system is inherent to collapse. This can be avoided by the use of pc nucleobases for the PNA sequence as well as for the single-stranded gap region in the axle because these two components are unable to hybridize. In contrast, the pairing of the pcPNA with the unmodified 14-mer DNA sequence is still possible. Due to the strongly invasive character of the PNA into dsDNA ([@gkt121-B43; @gkt121-B44; @gkt121-B45]), the macrocycle is released from the PGR-RO. As a consequence, the macrocycle hybridizes back to the complementary gap region in the axle to restore the pseudorotaxane.

Synthesis of the pcPNA and DNA sequences
----------------------------------------

Our switching system relies on base-modified DNA and PNA oligomers ([Figure 2](#gkt121-F2){ref-type="fig"}b) ([@gkt121-B32],[@gkt121-B33],[@gkt121-B46]). The 14-mer PNA actuator sequence 'psiPNA' is accessible through a Boc- protecting group strategy of the pcPNA monomers 2-thiouracil ([@gkt121-B1]) and 2,6-diaminopurine ([@gkt121-B2]) ([Figure 2](#gkt121-F2){ref-type="fig"}c; note that 'psiPNA' is the name of the particular PNA sequence used in this study, whereas 'pcPNA' is used as a general term). The three remaining pcPNA monomers Boc-PNA-C(Z)-OH, Boc-PNA-G(Z)-OH and Boc-PNA-T-OH are commercially available. The 2-thiouracil monomer ([@gkt121-B1]) was synthesized using a protocol ([@gkt121-B33],[@gkt121-B46]) that was modified in the first two steps to increase the yield during the introduction of the sulphur-protecting group and the alkylation of the nucleobase with ethyl bromoacetate ([Supplementary Methods](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt121/-/DC1)).

The 2,6-diaminopurine monomer was obtained in a new, short and efficient reaction sequence that clearly differs from previous ones ([@gkt121-B32],[@gkt121-B33],[@gkt121-B46]) through the use of 2-amino-6-chloro-9H-purine-9-acetic acid ([@gkt121-B5]) as starting material. **5** was directly coupled to ethyl *N*-(Boc-aminoethyl)-glycinate to yield the intermediate **6**, which then was reacted to the unprotected diaminopurine derivative **7** by a known base transformation ([Figure 3](#gkt121-F3){ref-type="fig"}). ([@gkt121-B47]) The desired monomer **2** was obtained by CBz protection of the *N*-6-amino group with subsequent ester hydrolysis. The introduction of a lysine residue at the ends of a PNA has been shown to not only increase solubility but also to facilitate the PNA's interaction with DNA ([@gkt121-B48; @gkt121-B49; @gkt121-B50; @gkt121-B51; @gkt121-B52]). This was accounted for in the design of our pcPNA sequences by adding a lysine both at the amino- and the carboxy- termini. The assembly of the 14-mer PNA sequence 'psiPNA' was then performed under standard automated PNA-synthesis conditions on a peptide synthesizer ([@gkt121-B32],[@gkt121-B34],[@gkt121-B37],[@gkt121-B53]). The product was purified by RP-HPLC, characterized by ESI-MS and stored as a 1.0 mM stock solution. Figure 3.Synthesis of the 2,6-diaminopurine PNA monomer **2.** Reagents: (**a**) Ethyl *N*-(Boc-aminoethyl)glycinate, HBTU, DMF, EtN*^i^*Pr~2~, RT, 16 h, quantitative. (**b**) (i) NaN~3~, DMSO, 90°C, 2 h; (ii) PPh~3~, DMSO, 70°C, 3 h; (iii) THF/MeOH/1.0 M TEAA (5:5:2), 60°C, 16 h, 64%. (**c**) Rapoport Reagent, EtN*^i^*Pr~2~, CH~2~Cl~2~/dioxane (1:2), RT, 16 h, 90%. (**d**) NaOH, THF/H~2~O (2:1), RT, 60 min, 70%.

The incorporation of the pc nucleobases into the DNA sequences is carried out under standard DNA solid-phase synthesis by using the respective phosphoramidites **3** and **4** ([Figure 2](#gkt121-F2){ref-type="fig"}c), of which the 2-amino-dA-CE-phosphoramidite ([@gkt121-B4]) is commercially available. For the 2-thio-dT-CE-phosphoramidite ([@gkt121-B3]), some syntheses are described ([@gkt121-B54],[@gkt121-B55]), the yields of which, however, are unsatisfying, as several structural isomers are formed during the nucleosidation reaction ([@gkt121-B56],[@gkt121-B57]). To circumvent these problems, we developed a novel strategy by protecting the 2-thiothymine ([@gkt121-B8]) as a thioether ([@gkt121-B9]) with a *para*-acetoxybenzyl group ([Figure 4](#gkt121-F4){ref-type="fig"}). This protecting group is usually used for protecting base-sensitive thiols ([@gkt121-B58],[@gkt121-B59]), but until now, it has not been used for protecting nucleobases. The advantages of the *para*-acetoxybenzyl protecting group for this purpose become evident at several reaction steps: i) it is easy to introduce; ii) both the *S*-2- and the *N*-3 nucleosidation ([@gkt121-B56]) are strongly suppressed; iii) the group is compatible with *Vorbrüggen*-conditions (SnCl~4~) that preferentially lead to nucleosides in β-configuration at 0°C ([@gkt121-B54],[@gkt121-B56],[@gkt121-B60]); iv) its removal can occur without additional reaction steps during ester hydrolysis after nucleosidation. Indeed, the phosphoramidite can be used in the automated DNA synthesis without protecting the sulphur atom if *t*-BuOOH is being used as the oxidation reagent during the coupling cycle ([@gkt121-B61]). A crystal structure of the so obtained nucleoside unambiguously proves the desired configuration ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt121/-/DC1)). The conversion of the 2-thiothymine nucleoside **10** into the phosphoramidite **3** was done by using the standard protocols of nucleotide chemistry ([@gkt121-B62]). The pcDNA sequences SD5-DNA and pc-anti-RO were assembled under standard DNA coupling conditions ([@gkt121-B31]), with the exception that the oxidation step was done with *t*-BuOOH instead of I~2~. To prevent desulfuration ([@gkt121-B63]) during the final deprotection step, the DNA sequence was treated with 10 M MeNH~2~ in H~2~O/EtOH (1:1) for 24 h at ambient temperature. The product was purified by RP-HPLC, characterized by ESI-MS and stored as a 100 µM stock solution. Figure 4.Synthesis of the 2-thio-dT-CE-phosphoramidite **3**. Reagents: (**a**) 4-(Chloromethyl)phenyl acetate, K~2~CO~3~, acetone, reflux, 3 h, 57%. (**b**) (i) BSA, 1-chloro-2-deoxy-3,5-di-*O*-toluoyl-α-D-ribofuranose, SnCl~4~, (CH~2~Cl)~2~, 0°C, 1 h; (ii) 0.2 M NaOH, MeOH/THF/H~2~O (3:2:1), RT, 30 min, 40%. (**c**) Dimethoxytrityl chloride, DMAP, pyridine, RT, 16 h, 86%. (**d**) 2-Cyanoethyl *N,N*-diisopropylchlorophosphoramidite, EtN*^i^*Pr~2~, CH~2~Cl~2~, RT, 16 h, 84%.

Assembly of the DNA rotaxane
----------------------------

The assembly of the DNA rotaxane occurred by threading of a DNA axle (pcRod) into a dsDNA macrocycle, followed by the ligation of spherical DNA-stoppers at both ends of the pcRod ([Figure 5](#gkt121-F5){ref-type="fig"}a) ([@gkt121-B26]). The threading is achieved by the formation of eight base pairs between the DNA axle and the gap-containing DNA macrocycle ([@gkt121-B64]), and is a consequence of the helical structure of the dsDNA. Figure 5.Design of the DNA rotaxane. (**a**) Assembly of the DNA rotaxane from its three components: PGR macrocycle (blue), pcRod (black) and spherical stopper (red). (**b**) Illustration of the secondary structure of pcRod composed of five short ODNs. The pc SD5-DNA (red) is inserted by template-directed ligation. S: Thiothymine; D: Diaminopurine. (**c**) Agarose-gel (2.4%) of the pseudorotaxane assembly. Lane 1: spherical stopper; lane 2: raw product of the dumbbell synthesis; lane 3: raw product of the pseudorotaxane synthesis. The corresponding dumbbell is formed in small amounts only, confirming a high threading efficiency. (**d**) High-resolution AFM picture of the purified pseudorotaxane (scale bar: 50 nm).

The rotaxane consists of the three components gap ring (PGR; blue), DNA axle (pcRod; black/red) and spherical stoppers (red) ([Figure 5](#gkt121-F5){ref-type="fig"}a). The spherical stoppers used here were assembled by a recently described one-pot method ([@gkt121-B41]). The criteria for the assembly of the PGR DNA-macrocycle are similar as before ([@gkt121-B41]), but differ in the sequence within the gap region ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt121/-/DC1)). Because the control of the nanomechanical switch occurs at this gap sequence, the corresponding single-stranded region in the pcRod was equipped with pc nucleobases. In this way, these two single-stranded regions fulfil two important functions: (i) they bring about the threading during the assembly of the rotaxane; (ii) they serve the immobilization of the macrocycle when operating the nanomechanical system. The secondary structure of the pcRod sequence is shown in [Figure 5](#gkt121-F5){ref-type="fig"}b, and consists of five different ODNs. By using EFCT1 and EFCT2 as templates, the three other ODNs rodA-DNA, SD5-DNA and rodC-DNA were ligated to yield pcRod as a continuous DNA strand. A gel-shift analysis ([Figure 5](#gkt121-F5){ref-type="fig"}c) confirmed that the threading using pc nucleobases occurs as efficiently as when using natural DNA bases. The resulting pseudorotaxane was separated from unreacted starting material by weak ion-exchange HPLC, and the rotaxane architecture was confirmed by high-resolution atomic force microscopy ([Figure 5](#gkt121-F5){ref-type="fig"}d).

Reversible nanomechanical switching
-----------------------------------

The implementation of the reversible switching system that consists of the detachment of the PGR-RO from the entirely double-stranded macrocycle constitutes a major challenge. For thermodynamic reasons, the breakup of this continuously double-stranded macrocycle is strongly hindered. The RO can either bind to the complementary DNA gap region to form a DNA·DNA double strand, or to the complementary pcPNA to form a DNA·pcPNA heteroduplex. Therefore, we hypothesize that the detachment of the RO from the macrocycle is thermodynamically favoured if the DNA·pcPNA heteroduplex can form because this heteroduplex is more stable than the DNA·DNA homoduplex. Once the macrocycle is available again with a single-stranded gap region, it can bind back to the complementary sequence on the pcRod to re-establish the initial pseudorotaxane state with an immobile macrocycle. In a pilot study, we compared the displacement efficiencies of the PGR-RO from its hybridization to the PGR macrocycle between psiPNA and the DNA analogue pc-anti-RO ([Figure 6](#gkt121-F6){ref-type="fig"}a). For that, the gap macrocycle was provided in solution, incubated for 30 minutes with 1.0 equivalents of PGR-RO and then treated with 1.0, 2.0 and 4.0 equivalents of psiPNA and pc-anti-RO, respectively. Aliquots of these samples were PAGE-separated after different incubation times and temperatures ([Figure 6](#gkt121-F6){ref-type="fig"}b). We found that in the presence of 4.0 equivalents of psiPNA, the RO is detached from the macrocycle after \<2 h at 20°C and the free PGR macrocycle is nearly quantitatively re-established ([Figure 6](#gkt121-F6){ref-type="fig"}b, upper gel, lane 5). In contrast, the presence of pc-anti-RO had no influence on the macrocycle (lane 6, 7, 8), not even after 24 h ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt121/-/DC1)). When the same samples were warmed up to 60°C for 2 min, the displacement of the RO from the gap ring became more efficient for psiPNA, and started to take place for pc-anti-RO as well, but to a lesser extent than with psiPNA ([Figure 6](#gkt121-F6){ref-type="fig"}b, lower gel). These observations agree with the hypothesis that only psiPNA is able to invade dsDNA under isothermal conditions. Full dehybridization of the PGR-RO, however, can only be achieved after heating the samples to 60°C, followed by annealing under thermodynamic control to the given band intensities of full macrocycle vs. free gap ring ([Figure 6](#gkt121-F6){ref-type="fig"}b, lower gel; [Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt121/-/DC1) for full series of gels). Surprisingly, the displacement of PGR-RO does not work quantitatively using a 1:1 stoichiometry. We assume that psiPNA tends to form aggregates in a rather slow process, and therefore, not all added psiPNA is accessible in the actual strand displacement process. This hypothesis is supported by the fact that psiPNA must be completely denatured by warming up to 95°C for 1 min right before it is added to the sample. Otherwise, more equivalents of psiPNA are required for efficient strand displacement, or after longer periods like 3 days, high-molecular-weight aggregates of DNA gap rings are observed (data not shown). Figure 6.Experimental setup of the macrocycle invasion study. (**a**) In the first step, PGR-RO (black) hybridizes to the gap ring (blue) to form a completely double-stranded DNA nanoring. In the second step, psiPNA (green) invades the dsDNA nanoring and detaches PGR-RO from the gap ring while psiPNA·PGR-RO is formed as waste. To demonstrate the influence of PNA in the isothermal displacement reaction, an analogous experiment is performed with the corresponding DNA pc-anti-RO (green). (**b**) Polyacrylamide gels (10%) of the macrocycle invasion studies. Upper gel: after incubation of the macrocycle for 2 h at 20°C. Lane 1: PGR (reference). Lane 2: PGR·PGR-RO nanoring. Lane 3--5: dsDNA nanoring incubated with 1.0, 2.0 and 4.0 equivalents of psiPNA. Lane 6--8: dsDNA nanoring incubated with 1.0, 2.0 and 4.0 equivalents of pc-anti-RO. According to the band intensities in lane 5, the 14-mer PGR-RO (black) is nearly quantitatively removed from the gap ring, whereas the presence of pc-anti-RO had no influence on the macrocycle. Lower gel: after incubation of the macrocycle for 24 h at 20°C and then 2 min at 60°C. After annealing, these conditions lead to the thermodynamically equilibrium state between all components, as reflected by the ratio of the band intensities between full macrocycle and free gap-ring. (**c**) PGR-RO/psiPNA triggered reversible pseudorotaxane/rotaxane reconfiguration followed by agarose gel (2.4%). Lane 1: DNA dumbbell (reference). Lane 2: pseudorotaxane (HPLC purified, see main text). Lane 3: addition of PGR-RO (2.0 equivalents; black arrow) detaches the macrocycle from the dumbbell to form the rotaxane. Lane 4: addition of psiPNA (8.0 equivalents; green arrow) reverts the process and the pseudorotaxane is reconstructed. Lane 5: treating the sample with another 10.0 equivalents of PGR-RO (black arrow), the rotaxane band reappears on gel. The band intensities in lanes 2--5 indicate nearly quantitative conversion at each switching event.

Building up on the displacement result mentioned previously, we applied the pcPNA-directed switching system to the rotaxane architecture. The switching operations were again observed by gel-shift analysis that discriminates between the immobile pseudorotaxane state and the mobile rotaxane state, as we have unequivocally demonstrated previously ([@gkt121-B26],[@gkt121-B27],[@gkt121-B41]) ([Figure 6](#gkt121-F6){ref-type="fig"}c; lane 1 shows the related dumbbell as a reference). In the initial step, the immobile macrocycle (pseudorotaxane, lane 2) was released from the dumbbell by 2.0 equivalents of PGR-RO. Within \<30 min, the genuine rotaxane with fully mobile components is formed (lane 3). To fix the macrocycle back to the axle, 8.0 equivalents of psiPNA were added and incubated overnight at ambient temperature (lane 4). By addition of 10.0 equivalents of PGR-RO, the bound macrocycle could be switched back again into the rotaxane state (lane 5), further underscoring the reversibility of the switching. The respective band intensities in the different lanes indicate that the individual switching operations occur nearly quantitatively. Moreover, the last switching event indicates that, in principle, it is possible to perform many more of these operations.

CONCLUSIONS
===========

The switching system introduced here illustrates that reversible structural rearrangements of complex DNA architectures are possible on the basis of pcPNA. Although the switching performance appears to be somewhat less robust than the light-induced switching ([@gkt121-B27]), the pcPNA-based switching strategy complements the toolbox of switches in DNA nanotechnology that can be combined with other methods of strand replacement such as light or toehold switches in an orthogonal fashion. Importantly, the operation of the pcPNA switch that occurs through a relatively slow double-strand invasion mechanism works under isothermal conditions. Analogous pcDNA sequences do not show any displacement behaviour at 20°C. However, on the one hand, the use of pc nucleobases could be of interest in toehold-based switching systems, and on the other, the toehold principle might be applicable to PNA sequences as well. Until now, PNA has experienced only limited application in DNA nanotechnology. For example, bis-PNA sequences were used to connect two DNA single strands through Watson--Crick pairing patterns ([@gkt121-B65]). PNA was also used to associate gold nanoparticles with a dsDNA through strand invasion ([@gkt121-B66]), which in this case, however, was associated with certain restrictions in the sequence and did not occur isothermally. Another example reported the assembly of two-dimensional arrays by means of hybrid PNA/DNA tiles ([@gkt121-B67]). In all of these examples, the PNA was integrated into the target structure. The here-described method that uses pcPNA to operate a nanomechanical switch in a DNA architecture through strand exchange is unprecedented. We do not use the PNA as an integral component of the nanoarchitecture, but as an actuator that triggers structural rearrangements in a DNA architecture. The invasive character of the pcPNA drives the switch into the desired direction. The switching itself can be programmed without ambiguity by introducing pc nucleobases into the architecture, and thus rests on a clear design strategy. Based on a toehold-free switching principle, pcPNAs can potentially be combined with light- and toehold-based switches, thus opening up new avenues in dynamic DNA nanotechnology.
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